The objective of the present paper is to study the influence of the substrate bias voltage on the microstructure, composition, deposition rate, tribological and corrosion properties of CrN coatings obtained by DC magnetron sputtering on 90CrMoV8 steel and Si (100) substrates. The substrate bias voltage varied from 0 to 2 700 V. The deposited films were characterized by SEM, XRD and potentiodynamic polarization. The wear behavior and coefficient of friction were determined and investigated after rotative tribometer tests. The results indicated that the substrate bias voltage considerably affected the intrinsic properties of the CrN films. Indeed, it significantly influenced the grain size and the root-mean-squared roughness which varied from 20 to 29 nm, and from 9 to 19 nm, respectively, when polarization changed from 0 to 2 700 V. All the CrN coatings have a dense columnar structure and are well crystallized according to the XRD analyses. Nevertheless, it has been shown that the peaks intensity decreased by increasing the substrate bias voltage. By applying a substrate bias voltage, it was obvious that the friction behavior was enhanced, and the wear volume was decreased. Finally, the CrN coating obtained under a substrate bias voltage of 2 500 V presented the best corrosion resistance and wear resistance probably due to its dense microstructure.
Introduction
Binary CrN layers developed by PVD methods are well studied for many years. Generally, during machining process, several interactions in the cutting zone occur. Therefore, these interactions (such as vibration, friction, plastic and elastic deformation.) can be the cause of different types of cutting tools damages (Ref 1) . That is why it is necessary to improve the properties of cutting tools. This issue was the subject of several previous studies (Ref 2, 3) in which PVD thin films on the cutting tool surface were an efficient solution.
Chromium nitride (CrN) is widely known as a protective coating in cutting tool material. It is characterized by a good tribological behavior, a good wear and corrosion resistance and a high oxidation resistance. To improve this coating, several studies were performed using different parameters and various conditions: Polcar et al. (Ref 4) developed CrN coatings under different deposition temperatures by low arc deposition technology. They showed that the tribological behavior of the CrN layers strongly depends on the temperature. In fact, when increasing temperature from 25 to 500°C, the friction coefficient of a CrN layer against a Si 3 N 4 ball decreases whereas when sliding against an Al 2 O 3 ball, the lowest friction of coefficient is obtained at 25 and 500°C.
Inoue et al. (Ref 5) developed CrN coatings by RF reactive sputtering. They studied the pressure of nitrogen (P N2 ) variation in the vacuum chamber. They observed an influence on the nitrogen chemical composition, crystal structure, internal stresses of the CrN layers and showed that lower was the nitrogen pressure, better were the mechanical properties of the CrN films. Other works have chosen to study the effect of the process on the properties of the CrN coatings such as Hurkmans Other previous studies showed the influence of the substrate on the CrN layers properties. Nouveau et al. (Ref 11) developed CrN coatings on carbide substrates. They exhibited that the substrate had a main impact on the adhesion of the coating and influenced its tribological behavior. The substrate bias voltage remains an essential parameter which affects the mechanical, tribological and structural properties of PVD coatings. This parameter acts directly on improving the atoms mobility and has an influence on the effect of the coatingÕs ion bombardment (Ref 12) . Oden et al. (Ref 12) developed CrN coatings using different negative substrate bias voltage which varied between 20 and 400 V by arc evaporation. They confirm that increase in the substrate bias voltage causes an increase in lattice defect density and an increase in compressive residual stress and a decrease in column width when the bias increase from À 20 to À 100 V. Also, the hardness enhances and the critical load decreases when the bias is between À 20 and À 100 V. Wang ) deposited a CrN films by medium-frequency magnetron sputtering. They varied the negative substrate bias voltage between À 100 and À 500 V. They observed that below À 300 V, the surface roughness decreases and the nitrogen concentration increases. Also, they observed the generation of a tensile stress. Above À 300 V, the texture of CrN changes from (111) to (200). Meanwhile, a compressive stress is generated. They confirmed that the grain size decreases with the increase in bias voltage and the deposition rate decreases.
Thus, it can affect the chemical composition of coatings, the deposition rate (Ref 18) , the preferred orientation of the CrN layers, their mechanical properties (Ref 19, 20) and their adhesion strength and residual stresses (Ref 21) .
In the present work, we used an industrial machine (KENOSISTEC-KS40V) to deposit CrN coatings under various substrate bias voltage (0, À 200, À 300, À 500, À 600 and À 700 V) by reactive DC magnetron sputtering. The deposition rate, chemical composition, grain size, microstructure, friction, wear and corrosion resistance were investigated as a function of the substrate bias voltage.
Experimental

Substrates
CrN films were deposited on stainless steel (90CrMoV8) samples (20 9 20 mm 2 and 5 mm thick) with a surface roughness R a of 0.5 lm and mirror-polished silicon (100) which have an area of 10 9 10 mm and a thickness of $ 380 lm. Before deposition, all the substrates were ultrasonically cleaned in acetone and ethanol for 5 min each and then dried under compressed air.
Coatings
The CrN coatings were deposited by DC reactive magnetron sputtering (KENOSISTEC-KS40V).
Before deposition, all substrates were in situ etched under an argon plasma at À 700 V for 10 min to ensure a better adhesion of the coatings. The substrate temperature during applying substrate bias voltage of À 700 V is about 400°C which is below tempering of the steel substrate. Prior deposition, the chamber was evacuated to a pressure lower than 2 9 10 À5 Pa and heated at 300°C for 7 h. During deposition, the working pressure was set at 0.5 Pa. The flow rates of Ar and N 2 were 68.8 and 33.3 sccm, respectively. A chromium target with purity of 99.95% and (406.4 9 127) mm 2 dimensions was used for the deposition process. The Cr target power was set at 1500 W (À 375 V). To study the effect of the substrate bias voltage on the properties of the CrN films, different voltages were applied from À 200 to À 700 V. The deposition time was fixed at 2 h. Table 1 summarizes the CrN deposition conditions.
Characterizations
The surface morphology and the microstructure of the coatings were observed by SEM field emission (JEOL JSM 7610F). The chemical composition of the wear track after tribometer tests of CrN films was determined by EDS and WDS analysis (JEOL JSM 6400F). The structure of CrN films was studied by XRD (INEL diffractometer type curve CPS 120 detector, K a Co radiation source of 0.178897 nm) with a voltage of 25 kV and a current of 25 mA. The crystallite size of CrN films was calculated using ScherrerÕs formula. Rotative ball-on-disk tests under a fixed load of 2 N, a sliding speed of 3 cm/s and a sliding distance of 200 m, using an alumina ball (Al 2 O 3 ) 6 mm of diameter as the counterpart permitted to determine the friction coefficient, while the wear volume of the CrN layers was estimated from 3D optical profilometer (VEECO, Wyko-NT 1100) profiles. The wear volume was calculated from profilometer profiles. To be more precise, we chose eight sections of depth in the wear track. The film surfaces topography was analyzed by atomic force microscope (AFM) (type XE Park 70) using the tapping mode. We chose to scan an image with (5 9 5) lm 2 dimensions. Additional analyses with the Gwyddion software were performed to determine the RMS roughness of the CrN coatings; this method has been used by other works (Ref 17, 21) . The residual 
Results and Discussion
Chemical Composition and Residual Stresses
The chemical composition and residual stresses of the CrN layers are summarized in Table 2 .
The influence of the substrate bias voltage on the chemical composition is shown in Fig. 1 Figure 2 represents the residual stresses and grain size as a function of the substrate bias voltage. By applying a substrate bias voltage between 0 and À 200 V, the residual stresses are compressive while they are tensile when increasing the bias voltage to À 300 V. It is known that the residual stresses come from intrinsic and thermal stresses. For the lowest substrates bias voltage (À 200 V), we observe that the residual stresses are very low (À 10.5 MPa). This can be assigned to the surface roughness. Indeed, when the surface is rough enough, it promotes the formation of tensile stresses due to the simplicity of contact between the neighboring grains ( Ref 26) . By increasing the substrate bias voltage from À 300 to À 500 V, the tensile stresses also increase because the incident ion energy that arrives on the substrate will increase its temperature (Ref 27) . Thus, the thermal stresses are dominant. This phenomenon will increase the T s /T m ratio (T s is the substrate temperature and T m is the melting temperature of the coating) and will lead to an inhomogeneous temperature distribution between the substrate and the films. The consequence is the increase in the residual stresses of the CrN films. When the substrate bias voltage increases from À 500 to À 700 V, we observe that the tensile stresses change and become compressive. Similar results are observed by Kong et al. (Ref 17) . This state of stresses change is probably due to the increase in the substrate bias voltage which causes an increase in the ion energy. While arriving at the substrate surface, the atoms etch the film, penetrate, will be trapped and lead to film growth defects (Ref 25, 28) . Typically, compressive residual stresses arise when the film is bombarded during its growth under ions with an energy from ten to hundreds eV. In this case, several defects occur such as stacks, low-angle grain, which causes the deformation of the lattice parameter. According to Wang et al. (Ref 28) , residual stresses can be relaxed by thermal spikes, resulting in the release of the strain generated by the contact between atoms and substrate. Therefore, residual stresses in the films will decrease at high substrate bias voltage such as À 700 V. Likewise, we observe that all coating present a small value of stress. Residual stress in PVD coatings mainly generates from the contribution of intrinsic stresses and thermal stresses. In our case, the evolution of the residual stresses is dominated by the thermal stresses. In general, in the case of the elaboration of CrN films without heating substrate, residual stresses are compressive and their values are in the order of GPa (Ref 7, 14) . In our case, the thermal stresses are dominant which arises a strong relaxation of stresses, because of this, the stresses are very small. The evolution of the grain size as a function of the substrate bias voltage is shown in Fig. 2 . The grain size increases with the application of a bias voltage of À 200 V from 20.05 to 41.68 nm. This increase in grain size is the result of the high mobility of adatoms due to the high-energy ions that promote the migration of particles at grain boundaries and therefore increases the size of the grains (Ref 29). Chang et al. (Ref 20) explained this increase by the increase in the impinging ions with the increasing of bias voltage which increases the defect density and disturbs the growth of grains. Consequently, the gain in energy per atom and the destabilizing effect of bombardment increase with the increase in bias. By increasing bias voltage to À 700 V, grain size decreases until 12 nm. It is well known that defects in the film prohibit the migration of particles to grain boundaries. Furthermore, the increased number of surface defects is responsible for more preferential nucleation sites, which may cause a decrease in the grain size (Ref 30).
Microstructure and Morphology
The substrate bias voltage has an influence on the deposition rate as shown in Fig. 3 . We observed that the deposition rate ranges from 7.25 to 9.5 nm min . Moreover, this decrease in the deposition rate could be explained by the decrease in the energy of the atoms arriving on the substrate because of a large amount of collisions. For a bias voltage of À 500 V, we note that the deposition rate is the lowest one. When we increase the substrate bias voltage to À 600 and À 700 V, we note that the deposition rate increases again. This phenomenon may be due to the effect of higher substrate bias voltage which can produce a great attraction in drawing the metallic ions (Ref 29) . So, the deposition rate increases.
The cross sections of the CrN layers were observed by SEM. Figure 4 shows the microstructure of the CrN films obtained with a substrate bias voltage of 0, À 200, À 300, À 500, À 600 and À 700 V. The SEM images showed that the CrN The substrate bias voltage also affected the surface morphology of CrN films as confirmed by the three-dimensional topographic AFM images in Fig. 5 . Indeed, we can notice that the grain size of the coating obtained for a substrate bias voltage of À 200 V are the highest ones while the CrN film obtained at À 700 V presents the smallest ones. That confirms our previous results (Fig. 2) . The surfaces are globally uniform and composed of domes and craters. Dimensional measurements showed that the domes had a mean diameter of about 150 nm and that the craters had a maximum depth of 50 nm. In addition, Fig. 5 shows the RMS roughness as a function of the substrate bias voltage. We verified by AFM that the CrN layer obtained with a substrate bias voltage of 0 and À 200 V presents the highest RMS which can confirm our hypothesis on the residual stresses level of this coating (Fig. 2) . Besides, the RMS roughness decreases from 18. The XRD patterns of the obtained CrN films as a function of the substrate bias voltage are shown in Fig. 6 . The CrN film obtained without substrate polarization (0 V) presents a characteristic CrN (111) diffraction peak of the fcc cubic structure at 44.6°(ICDD 96-901-1575). A minor CrN (200) diffraction peak at 52.01°is also detected. We can observe that the CrN (111) diffraction peak is slightly shifted to a greater diffraction angle; this is justified by the residual stresses results (Fig. 2) . Indeed, the theoretical angle is 43.8°. As expected, the CrN layer obtained with a substrate bias voltage (À 200 V) is very well crystallized with a major CrN (111) diffraction peak detected at 44.1°due to it important grain size. A minor CrN (311) diffraction peak is also detected at 91.9°. The disappearance of the CrN (200) orientation can be caused by a decrease in the strain energy which corresponds to a variation of the residual stresses ( Ref 37) . Besides, the substrate bias voltage causes a significant increase in the CrN (111) peak intensity. This can be explained by the increase in the grain size (Fig. 2) . For a substrate bias voltage of À 300 V, the CrN (111) major diffraction peak is still detected at 43.9°but with a lower intensity. This may be due to the lower rate deposition and smaller grain size At À 600 V, the CrN (311) diffraction peak disappeared while a low intense CrN (111) at 43.79°diffraction peak coexisted with a more intense CrN (202) at 75.23°diffraction peak. Finally, the coating obtained at À 700 V only presents a minor CrN (111) diffraction peak at 43.63°. Then, all our CrN films present the CrN (111) preferred orientation. According to Pelleg et al. (Ref 38) this is due to the dominance of the strain energy during the films growth. Indeed, a change of a thin film texture is related to its free energy minimization. This energy is composed of the surface energy and the strain energy. In the case of nitrides, if the surface energy dominates, the preferred orientation is (200). However, if the strain energy dominates, the preferred orientation is (111). Likewise, Wang et al. (Ref 36) showed that cubic structure of metals is mainly composed of (111) plans and has the lowest surface energy. In addition, the intensity of the CrN (111) diffraction peak decreases while the substrate bias voltage increases. This can be due to the reduction of grain size (Fig. 2) . Also, this peak is shifted to higher 2h which is attributed to the stress reduction in the coating. Likewise, this may be due to the lattice expansion (Ref 38) and to the lattice defects caused by a high energetic ion bombardment (Ref 35). Figure 7 shows the RMS roughness and the coefficient of friction (COF) of the CrN films after sliding against Al 2 O 3 balls (normal load of 2 N) as a function of the substrate bias voltage. The COF curve fits very well with the RMS one. This confirms the relation between these two parameters. The COF was determined from the stabilized zone. We mentioned that the friction coefficient of the 90CrMoV8 steel is about 0.98. For the CrN films deposited without substrate polarization (0 V), the COF is about 0.9. With a substrate polarization, the COF of the CrN films varied between 0.5 and 0.8 and it is lower than those obtained without substrate polarization. Thus, the variation of the substrate bias voltage has main effect on the COF. Similar results have been shown in several other studies (Ref 32, 39 ). Figure 7 shows that the COF decreases from 0.9 to 0.55 when the substrate bias voltage increases up to À 500 V. As expected, this decrease in the COF can be attributed to the decrease in the surface roughness of the CrN films (Fig. 7) . Zhou et al. (Ref 40) showed that the COF of CrN coatings varies from 0.5 to 0.65 according to the deposition conditions and the normal load applied during the ball-on-disk test. For the highest substrate bias voltage of À 700 V, the COF increases near 0.8. In contrast, the CrN film roughness obtained at À 600 V is lower than that obtained at À 500 V while its COF is higher. This result can be explained by a better surface morphology and lower defects on the surface of the coating obtained at À 600 V (Ref 34).
Tribological Properties
Coefficient of Friction.
3.3.2 Wear Rate. The wear volume was calculated after the ball-on-disk tests. Figure 8 shows the wear rate and the COF of the different CrN films studied. It is noteworthy that the CrN coating obtained without substrate polarization has the highest wear rate. Then, one can conclude that the application of a polarization to the substrate improves the wear behavior of the CrN layers. With a substrate polarization, it is obvious that the wear rates are higher for CrN films obtained at À 200, À 600 and À 700 V than those obtained at À 300 and À 500 V. Moreover, the wear rate at À 300 and À 500 V are very similar. For the coating obtained at À 200 V, one can notice that it has a higher COF than the coatings realized at À 300 and À 500 V. Then, we can conclude that higher the COF is, greater the wear rate is (Fig. 8 ). This has been also shown by Kok (Fig. 9) . Generally, after wear tests a significant amount of oxide occurs, which indicates the existence of a local temperature in the contact area between the ball and the surface. The wear track of the CrN film obtained without substrate polarization reveals the presence of debris. Iron and molybdenum, which come from the substrate, and few oxygen traces also exist. This proves the removal of the CrN coating and the oxidation of the substrate. For the CrN film obtained at À 200 V, the same result is observed. For a substrate bias voltage of À 300 V, chromium and nitrogen are detected as a small amount of iron and oxygen. A similar result is obtained for the CrN film deposited at À 500 V. This proves the existence of CrN after the friction test. These results confirm the above ones about the wear rate (Fig. 8) . We can note that the amount of iron for the CrN film obtained at À 500 V is lower than that of the CrN film obtained at À 300 V. Moreover, when the substrate bias voltage reached À 600 V, iron and molybdenum are again detected. Therefore, the layer of CrN disappeared after the friction test. For a substrate bias voltage of À 700 V, there is a total disappearance of the CrN layer and only iron is detected. Even if this layer has a lower wear rate than the CrN layer obtained without substrate polarization, we observed a complete removal of the coating in both cases. This is concluded from the SEM image chemical elements profiles of the wear track (Fig. 9) . The debris observed in the case of the coating obtained without substrate polarization could explain its higher wear rate.
Mechanical Properties
The hardness and Young modulus of the CrN films as a function of the substrate bias voltage are listed in Table 3 . One can note that the hardness curve fits well with the Young modulus one. The hardness and Young modulus increase and reach a maximum of 22 and 244 GPa, respectively, for a substrate bias voltage of À 500 V. For higher substrate polarization, these two parameters decrease to a minimum of 15 and 211 GPa, respectively. Generally, film hardness is affected by various parameters such as microstructure, grain size, internal stresses. The CrN film obtained without substrate polarization has the lowest hardness. This may be due to its porous structure (Fig. 4) . When the substrate bias voltage increases from 0 to À 500 V, the hardness and elastic modulus increase too. This is probably due to the grain size effect (Ref 32) (Fig. 2) . In fact, the grain boundary hinders the dislocation movement and the resulting slip because of the discontinuity from a grain to another and the various orientations of grains. So, when the grain size is small, the density is high and the effect of dislocation blocking increases (Ref 27) . Also, this increase in hardness can be explained by the ion bombardment effect (Ref 20) . Biswas et al. (Ref 43) explained this increase to the increase in the bombarding energy which rises with the increase in the bias voltage. As a result, the adhesion between coating and substrate within the columns. Thereby, hardness of coatings increases. Likewise, the structure densification process can improve hardness (Ref 44) . In fact, when the microstructure becomes denser, defects in coatings were effectively reduced. This is confirmed by Fig. 5 . Also, Bait at al (Ref 45) related the higher value of hardness to the roughness. This can explain the good hardness of films deposited under À 300, À 500 and The H 3 /E 2 ratio reflects the material ability to resist plastic deformation (Table 3) . So, higher the ratio (H 3 /E 2 ) is, higher the resistance to the plastic deformation is. This H 3 /E 2 ratio is higher in the case of the CrN coating obtained at À 500 V. One can conclude that this CrN coating presents the best plastic deformation resistance. This confirms the good behavior of this coating during the friction tests sliding against an alumina ball ( Fig. 8 and 9 ). Also, the (H/E) ratio which is an indicator of the elastic strain failure has been calculated and is shown in Table 3 . This ratio is a valuable parameter for the tribological coating performance. The H/E ratio calculated for unbiased film is about 0.077. With applying a substrate bias voltage, this ratio increases, and it reached 0.09 for a bias of À 500 V. This indicates that the CrN film obtained at À 500 V has the best tribological behavior.
The adhesion properties of CrN coatings are evaluated by scratch test. Lc 1 and Lc 2 represent, respectively, crack initiation resistance and resistance to spallation. As shown in Table 3 , it is obvious that the first cohesive failure Lc 1 and the first exposure of substrate Lc 2 of the CrN films are affected by the substrate bias voltage. The Lc 1 critical load increases progressively with the substrate bias voltage up to À 500 V and then it decreases. A similar trend is observed for the Lc 2 critical load. The CrN film obtained without substrate polarization and at À 700 V present the lowest Lc 2 critical loads (15-18 N) . This confirms their bad wear behavior and high wear rate ( Fig. 8 and  9) . By increasing the substrate bias voltage, vertical cracks are created due to the energetic ion bombardment of the CrN films deposited at À 600 and À 700 V (Ref 21, 40) . The reduction of the critical load at the highest substrate bias voltages can be attributed to the broken texture of the CrN films. Therefore, the adhesion of the CrN films is also related to their density (Ref 49 ) and surface roughness. Indeed, critical loads and surface roughness have an inversely proportional behavior (Fig. 10) . Higher the RMS is, lower the Lc 2 is. The highest Lc 2 critical load of 42 N is observed for the CrN layer obtained at À 500 V. According to Fig. 8 and 9 , this coating was the most wear resistant. We can confirm now that this is probably due to its high adhesion. Besides, as the H/E and Lc 2 curves fit perfectly (Table 3) , we can conclude that as expected, the more adherent coating is the one that presents the highest plastic deformation resistance.
Corrosion
Polarization tests were conducted in a 3% NaCl solution at room temperature (25°C). The electrochemical properties of the CrN-coated steels samples as a function of the substrate bias voltage are shown in Fig. 11 . The CrN coating obtained without substrate bias voltage has a corrosion current of 5.58 lA/cm 2 . For a substrate bias voltage of À 200 V the corrosion current increases to 7.63 and to 9.18 lA/cm 2 for a substrate bias voltage of À 300 V. Then, the corrosion current decreases significantly to 0.34 lA/ cm 2 for a substrate bias voltage of À 500 V. It increases again to 2.39 and 6.90 lA/cm 2 for the highest substrate polarizations. The corrosion current generally represents the speed evaluation index of corrosion. Thus, the CrN film obtained at À 500 V provides the best corrosion resistance as it has the lowest corrosion current (Table 4 ). This good corrosion behavior can be explained by the dense microstructure and low grain size of this CrN coating ( Fig. 2 and 4 ). It has already been shown that a small grain size permits a better corrosion behavior compared (Ref 50) . Also, this may be due to the lower number of defects of this coating in comparison with other ones (Fig. 4) . Generally, the atoms in areas containing defects have a very high free chemical energy compared with closed areas (Ref 51) . These atoms can react with the active particles of the corrosive solution, which produces a surface area of corrosion on the coating. Thereby, one can conclude that the existence of defects reduces the corrosion resistance of the films. Similarly, the good corrosion behavior of the coating obtained at À 500 V may also be due to its better properties such as a low RMS roughness and a high adhesion ( Fig. 5 and 10 ). In general, cracks and grain boundaries provide preferential channels for corrosive agents that can reach the substrate. Finally, the other CrN coatings present a bad corrosion behavior probably because of a low surface density and several defects not neglected as illustrated in Fig. 4 and 5.
Referring to the polarization curve, we note the existence of two zones. In the beginning of the anode area (Zone 1), we observe that the oxygen diffusion level for all films is almost the same except for the CrN film obtained at À 500 V, which is closed to a linear form. Therefore, this film protects the steel substrate surface by the decreasing current. This film acts on the corrosion kinetics or even on the nature of the chemical reactions. Indeed, as this CrN film has fewer pores than the other ones, their closure with the oxide will be easier and faster. At the end of the cathodic area (Zone 2), we observe the existence of a potential for pitting of the CrN film obtained at À 500 V. This phenomenon results in the breaking of the oxide film by Cl À ions. In addition, this phenomenon can be created by the presence of inclusions on the surface. Finally, one can conclude that the polarization curve confirms that the CrN layer obtained at À 500 V has the best corrosion resistance.
Conclusions
CrN properties such as microstructure, tribological and corrosion behavior as a function of the substrate bias voltage were studied during this present work. The conclusions are as follows:
• The deposition rate increased to a maximum for the CrN layer obtained with a substrate bias voltage of À 200 V and then it decreased. The deposition rate increase is attributed to a high energetic ion bombardment while its decrease is due to the increase in etching rate.
• The substrate bias voltage influenced the grains size that varied from 21 to 29 nm. The CrN film obtained at À 200 V has the bigger grain size probably because of the high adatoms mobility and the migration of particles to grains boundaries.
• Cross-sectional SEM images showed that the CrN layers obtained with a substrate polarization have a dense columnar structure.
• The CrN layer obtained with a substrate bias voltage of À 500 V presented the best adhesion, the best plastic deformation resistance, the best friction wear resistance, the highest hardness and Young modulus, the lowest COF, the lowest grain size, a low RMS, the highest tensile stresses and the best corrosion resistance. One can conclude that this CrN layer would be a very good protective material for mechanical applications such as machining process under severe atmosphere. 
